Reactivation of telomerase and stabilization of telomeres occur simultaneously during human cell immortalization in vitro and the vast majority of human cancers possess high levels of telomerase activity. Telomerase repression in human somatic cells may therefore have evolved as a powerful resistance mechanism against immortalization, clonal evolution and malignant progression. The comparative ease with which rodent cells immortalize in vitro suggests that they have less stringent controls over replicative senescence than human cells. Here, we report that Syrian hamster dermal ®broblasts possess substantial levels of telomerase activity throughout their culture life-span, even after growth arrest in senescence. In our studies, telomerase was also detected in uncultured newborn hamster skin, in several adult tissues, and in cultured ®broblasts induced to enter the post-mitotic state irreversibly by serum withdrawal. Transfection of near-senescent dermal ®broblasts with a selectable plasmid vector expressing the SV40 T-antigen gene resulted in high-frequency single-step immortalization without the crisis typically observed during the immortalization of human cells. Collectively, these data provide an explanation for the increased susceptibility of rodent cells to immortalization (and malignant transformation) compared with their human equivalents, and provide evidence for a novel, growth factor-sensitive, mammalian senescence mechanism unrelated to telomere maintenance.
Introduction
The ends of linear eukaryotic chromosomes, known as telomeres, consist of tandem arrays of short G-rich DNA repeats and associated speci®c DNA-binding proteins (reviewed in Kipling, 1995) . In mammals, telomeric DNA is composed of the hexameric repeat TTAGGG re-iterated hundreds to thousands of times with the G-rich strand protruding as a 3' single strand extension (Moyzis et al., 1988; Blackburn, 1991) . Telomeres exist to protect chromosomes from nuclease degradation, prevent inter-chromosomal fusions (reviewed in Greider, 1996) and provide the structural means of overcoming the inability of DNA-dependent DNA polymerases to replicate the ends of a 5' DNA duplex (Watson, 1972; Olovnikov, 1973) . The requirement for a 5' RNA primer results in failure to replicate the ends of each telomere with a consequent loss of sequence after every round of DNA replication. In the germ line, telomere repeats are added onto chromosome ends to compensate for incomplete DNA replication. This is performed by telomerase, a ribonucleoprotein DNA polymerase, using the RNA component of the enzyme as a template for telomere synthesis (Greider and Blackburn, 1985) .
Most normal human somatic cells do not have detectable telomerase activity and, as a result, telomeres shorten at rates ranging from 40 ± 200 bp per cell division depending on cell type (Harley et al., 1990; Vaziri et al., 1993 Vaziri et al., , 1994 . It has been proposed that progressive loss of telomeres provides a mechanism for determining cellular replicative potential through the induction of cellular senescence in cells with critically shortened telomeres (Harley et al., 1990 Allsopp et al., 1992; Counter et al., , 1994 . The process of replicative cellular senescence (Hay¯ick, 1965) can be bypassed in human cells by transfection with a DNA tumour virus early gene such as that encoding SV40 large-T-antigen . However, most cells will still die at a point referred to as`crisis', survival being a rare event for human cells. Cell cultures established from cells which do survive`crisis' usually have detectable telomerase activity and stabilized or lengthened telomeres. Telomerase activity has also been detected in the vast majority of human malignant tumours but not in surrounding normal tissue Kim et al., 1994; Shay and Bacchetti, 1997) . These data led to the view that human cell immortalization is at least partly dependent on telomerase reactivation (Harley et al., 1990; and that telomerase activity is necessary for neoplastic growth in vivo.
In contrast to human cells, many normal mouse somatic cells are telomerase positive (Prowse et al., 1993; Prowse and Greider, 1995; Chadeneau et al., 1995) and have, on average, much longer telomeres than human cells (Kipling and Cooke, 1990; Starling et al., 1990; Broccoli et al., 1996; Meijne et al., 1996) . Constitutive telomerase expression may possibly explain the susceptibility of mouse cells to spontaneous immortalization at high frequency particularly as spontaneous and carcinogen-induced immortalization of cultured, telomerase-negative, human cells is extremely rare (Gonos et al., 1992; reviewed in Newbold et al., 1993) . The long and hypervariable telomeres detected in normal and malignant mouse cells (Kipling and Cooke, 1990; Starling et al., 1990; Broccoli et al., 1996; Meijne et al., 1996) suggest that telomere shortening and telomerase activation might contribute little to cellular senescence, immortalization or tumorigenesis in the mouse. Recent analysis of transgenic mice with the telomerase RNA component (mTR) deleted from the germline (Blasco et al., 1997) indicated that telomerase, while essential for telomere maintenance, was not necessary for immortalization or malignant transformation since cells from mTR 7/7 mice were readily immortalized in culture. Furthermore when transformed by viral oncogenes, immortalized cells generated tumours in nude mice with no apparent loss of tumorigenic potential (Blasco et al., 1997) .
Given the extensive use of mice and other rodents in studying cancer initiation and progression, it is important to understand the biology of telomeres and telomerase in both humans and rodents. In terms of susceptibility to spontaneous or carcinogen-induced immortalization, Syrian hamster cells represent a compromise between human and mouse cellular systems. With no background (below 10 79 ) of spontaneous immortal variants (Newbold et al., 1993; Trott et al., 1995) , Syrian dermal ®broblasts (SHD) oer a highly suitable and stable rodent cell type in which to study the role of telomerase and telomere maintenance during normal cell growth, senescence, immortalization and malignant transformation. Previous studies have shown that immortalization of dermal ®broblasts can be achieved readily by exposure of cells to chemical carcinogens and ionizing radiation (Newbold et al., 1982; Newbold, 1985; Yamasaki et al., 1996) . In addition, immortalization is a prerequisite for full malignant transformation of SHD cells following additional carcinogen exposure or transfection of cells with human oncogenes (Newbold and Overell, 1983) .
Figure 1 (a) TRAP analysis of normal SHD ®broblasts during proliferative life-span in culture. SHD at Passage (P) 3+RNase shows sensitivity of extracts to RNase pretreatment. SHD P3-P10: telomerase in young (P3) to senescent (P10) SHD cultures. 5NL-2: an SHD immortalized cell line (see also Figure 6 ). 1BR.2: human diploid ®broblasts, C4I: human cervical carcinoma cell line, were included as negative and positive controls. (b) TRAP analysis of SHD colonies. Lysis buer: negative control. Colony A: typical result for a 10 day old colony lysed in situ. Colony B: TRAP analysis of a colony isolated by trypsinization. 1BR.2: human diploid ®broblasts, C4I: human cervical carcinoma cell line were included as negative and positive controls
In the present study, telomerase activity was assayed in normal SHD cells throughout their culture life-span and high levels of activity detected even in fully senescent cells. Cytogenetic and molecular studies showed that SHD cells have relatively long telomeres which do not appear to alter during their relatively short life-span in culture. Telomerase activity was also identi®ed in newly immortalized cell lines and the eect of constitutive telomerase expression on susceptibility to immortalization by SV40 large T-antigen investigated. Our results imply the existence of a mechanism of mammalian cellular senescence unrelated to telomere length maintenance and provide a coherent explanation for the increased susceptibility of rodent cells to immortalization and malignant transformation.
Results
Telomerase activity in normal SHD cells during culture life-span Normal diploid SHD ®broblasts have a culture lifespan of 20 ± 25 population doublings (p.d.) when prepared from dermal tissue of 1 day old neonates. Telomerase activity was monitored during culture lifespan by TRAP assay of sequential subcultures from passage 3 (6 ± 8 p.d.) to fully senescent cells at passage 10 (22 ± 25 p.d.). Substantial telomerase activity was detected in all cell extracts with no evidence of a decline in activity at senescence (Figure 1a) . To establish whether telomerase activity was culturewide, or restricted to a sub-population of dividing cells, primary SHD cells were re-plated at clonal density and individual colonies (1000 ± 2000 cells) lysed in situ. Extracts from ten randomly selected colonies all produced strong TRAP ladders (Figure 1b) indicating there was not a high degree of variation in telomerase expression between ®broblast colonies.
Telomerase activity in normal hamster tissues
To determine whether the telomerase activity detected in SHD cells in culture (Figure 1a and b) re¯ected activity in vivo or was the result of re-activation in culture, TRAP assays were conducted on extracts from newborn and adult Syrian hamster skin. Both newborn dermis and epidermis exhibited substantial telomerase activity ( Figure 2 ) and, while the possibility of contamination of dermal samples by telomerasepositive basal epidermal keratinocytes (Harle-Bachor and Boukamp, 1996) or hair follicle cells (Ramirez et al., 1996) could not be formally excluded, the strong TRAP signals were not consistent with low level contamination by non-®broblastic cells. Adult hamster dermal tissue did not exhibit telomerase activity which may re¯ect the quiescence of adult dermal ®broblasts in vivo; telomerase levels are known to be markedly reduced or absent in both human and rodent ®broblasts in the G 0 phase of the cell cycle (Holt et al., 1997) . However, as total adult skin (epidermis and dermis) was also inactive (data not shown) a developmentally late downregulation of telomerase is possible for this tissue. Positive TRAP results were obtained for adult kidney, lung and liver, although the activity observed was less than for newborn skin (Figure 2 ). These results indicate that the telomerase activity observed during the proliferative lifespan of normal diploid hamster ®broblasts (Figure 1a and b) was not a consequence of enzyme reactivation in culture but re¯ected activity in vivo.
Telomerase activity in normal SHD cells induced to undergo permanent growth arrest by serum withdrawal Normal human ®broblasts are known to enter a reversible phase of quiescence (G 0 ) when cultured with low levels (0 ± 3%) of fetal bovine serum (FBS); this procedure is often used to synchronize the cell cycle in such cells. The present study, in contrast, showed that SHD ®broblasts respond to a reduction in FBS from normal levels at 15% to 53% by entering, within 48 h, a state of growth arrest ( Figure 3a , top row). This proved irreversible as restoration of serum to 15% FBS failed to reinitiate proliferation. Cells in a state of low serum-induced growth arrest appeared indistinguishable from those at the terminal phase of replicative senescence after lifetime maintenance at normal serum levels. Furthermore, by mixing primary SHD cultures (10 5 cells per dish) with 2610 2 cells which had been previously immortalized by X-rays, it was shown that immortal variants could be selectively Figure 2 Telomerase activity in newborn and adult Syrian hamster tissues. 1BR.2: human diploid ®broblasts, and C4I: human cervical carcinoma cell line, were included as negative and positive controls respectively. An RNase-treated C4I sample was included to con®rm the speci®city of the TRAP assay for the ribonucleoprotein telomerase and eciently cloned against a background of senescent cells induced by serum reduction to 2 ± 3% ( Figure 3a , middle and bottom rows). Irreversibly postmitotic SHD cells generated in low serum showed no loss of telomerase activity even after culture for 21 days in medium with 3% FBS (Figure 3b ).
Analysis of telomeres in Syrian hamster cells
Telomeres of Syrian hamster chromosomes were analysed to establish: (i) whether telomere length more closely resembles that of humans or mice; and (ii) whether telomerase activity in SHD cells is parallelled by stability of telomere lengths during proliferative life-span in culture. To provide a preliminary indication of the length of hamster telomeric DNA, samples were digested with restriction enzymes recognizing 4 bp sites (SauIIIa, RsaI, MboI or HaeIII and fragments resolved on a conventional 0.8% agarose gel (500 bp to 12 kb). The resulting blot was probed with a 32 P-labelled (TTAGGG) 4 oligonucleotide and intense hybridization observed following autoradiography in the zone of limiting mobility (Meijne et al., 1996) suggesting that hamsters have telomere restriction fragments (TRF) 412 kb (data not shown). Chromosome¯uorescence in situ hybridization (FISH), using a digoxigenin-labelled (TTAGGG) n probe, detected the presence of telomeric repeats at the termini of all chromosomes in normal SHD cells and in the pericentromeric regions of certain chromosomes ( Figure 4 ). As predicted by the preliminary TRF analyses, the terminal FISH signals of hamster chromosomes were comparable to those in an inbred strain of mouse ( Figure 4 ; Balb/c TRF length *25 ± 90 kb; A Silver, unpublished data). In both rodent species, every metaphase examined showed strong telomere probe hybridization to the vast majority of chromosome termini. In contrast, hybridization signals to the chromosome termini of mid-lifespan human diploid fetal lung ®broblasts (MRC-5) were consistently weaker, in that a substantially reduced proportion of telomeres were detected in each metaphase (Figure 4) . The reported TRF length of fetal lung ®broblasts is *8 ± 10 kb (Allsopp et al., 1995; Bodnar et al., 1998) and FISH analysis of metaphase chromosomes prepared from adult human peripheral blood lymphocytes (TRF length *8 ± 12 kb) produced very similar results (data not shown) to those presented for human ®broblasts (Figure 4) .
To identify the maximum TRF lengths for hamster chromosomes, and to investigate alterations to telomere lengths during normal SHD ®broblast proliferation, DNA samples from SHD ®broblasts at passage 3 (6 ± 8 p.d.) and near-senescent cells at passage 9 (19 ± 20 p.d.) were digested with SauIIIA, RsaI, MboI or HaeIII. Restriction fragments were then separated using pulsed ®eld gel electrophoresis (PFGE) set to resolve 6 ± 50 kb of DNA. Autoradiographs revealed a number of bands between 15 and 30 kb and several large fragments approaching 50 kb in length were observed ( Figure 5 ). Although PFGE-based analysis did not allow bands speci®c to telomeric DNA to be distinguished from pericentromeric TTAGGG repeats, there was no signi®cant dierence in the length of any TRFs between passage 3 and near senescent SHD cells ( Figure 5 ).
Telomerase activity in immortal SHD ®broblasts
To establish whether telomerase activity was altered following immortalization, three newly immortalized cell lines induced by nickel chloride (line 5NL2), fast neutron irradiation (6NL-10) and anti-benzo(a)pyrene 7,8-dihydrodiol 9,10-oxide (7BPDE) were assayed by TRAP and the results obtained compared with those for mid-lifespan diploid SHD cells (10 ± 12 p.d.) and adult human skin ®broblasts. Similar telomerase ) seeded with 500 cells from two immortal cell lines under the same culture conditions. Selective growth of immortal colonies after 10 days incubation is revealed by darkly staining colonies in 2 ± 5% FBS (middle) and 3 ± 5% (lower). (b) Telomerase activity in young SHD ®broblasts in 3% serum. Replicate cultures (1610 5 cells) were seeded into 3% FBSsupplemented medium and refed every 3 days. Cultures were taken for TRAP analysis on days 4, 10, 14 and 21. 15% FBS: passage 2 cells in standard culture medium. SHD P2+RNase: RNase-treated extract from 4 day old culture in 3% FBS activities were detected in both normal and immortalized hamster samples, and in a Syrian hamster ®brosarcoma cell line (STBI) derived from a malignant ®brosarcoma induced by intradermal injection of benzo(a)pyrene ( Figure 6 ). As expected, human skin ®broblasts (1BR.2) showed no evidence of telomerase activity ( Figure 6 ).
The consequences of constitutive telomerase expression for T-Ag immortalization of SHD cells, particularly with regard to growth crisis and susceptibility, was studied by transfecting mid to late passage (10 ± 12 p.d.) SHD cells with a plasmid (pSV3neo) expressing the T-Ag gene. G418-resistant T-Ag-transfectants were eciently rescued from senescence at a frequency of approximately 100 per 10 6 selected cells (Figure 7 ). Ten randomly selected clones isolated after seven days incubation were all immortal and showed no evidence of senescence after 4200 p.d. in continuous culture. Cells transfected with empty vector DNA rapidly ceased proliferation with colonies failing to exceed 2610 3 cells. Substantial telomerase activity was detected in all the T-Ag immortalized clones and senescent control colonies tested (data not shown). These data show that diploid SHD cells, with their Figure 4 Fluorescence in situ hybridization of a digoxigenin labelled (TTAGGG) n probe to detect telomeric and non-telomeric repetitive hexameric arrays in Syrian hamster, human and mouse chromosomes. Hamster (a): SHD ®broblasts from newborn dermis; arrows indicate non-telomeric (pericentromeric) probe hybridization to numerous chromosomes. Human (b): MRC-5 human diploid fetal lung ®broblasts. Mouse (c): ®broblasts from 1 day old Balb/c mouse skin. Probe hybridisation was detected with FITC uorescence (yellow/green) against DAPI counterstained chromosomes high constitutive telomerase activity, can be eciently and directly immortalized by T-Ag without the need for a period of crisis characteristic of human cell immortalization . Overall, the TRAP assays on normal and immortalized SHD cells, along with results from transfection experiments, strongly suggests a mechanism of immortalization independent of telomerase activity.
Discussion
At present there is much uncertainty regarding the role of telomeres and telomerase in many aspects of cell biology and tumorigenesis. Unlike their mouse counterparts, Syrian hamster ®broblasts do not immortalize spontaneously at high frequency (Newbold et al., 1993; Trott et al., 1995) and so provide a Figure 5 Analysis of SHD ®broblast telomere restriction fragment lengths. Telomere probe-hybridizing fragments (6 ± 50 kb) in SauIIIa, RsaI, MboI or HaeIII digested DNAs from young (P3) and virtually senescent (P9) cells were resolved on 1% agarose gels by PFGE. The weaker hybridization signal seen in P9 was due to lower DNA loading as shown by ethidium bromide staining of the gel and con®rmed by rehybridization of blots with a (CAC) n repeat probe (data not shown) useful model cellular system to investigate the role of telomerase and telomere maintenance in rodent carcinogenesis. With this in mind, the present study was undertaken on the function of telomeres and telomerase in normal growth, senescence and immortalization of SHD cells. Our results show that SHD ®broblasts possess substantial levels of telomerase activity which are maintained even in post-mitotic senescent cells. In addition, cells induced to enter permanent growth arrest in low levels of serum showed no decline in telomerase activity even after 3 weeks in culture. The expression of telomerase was, therefore, unaected by growth conditions that cause irreversible replicative senescence. These results for SHD cells contrast with the down-regulation of the enzyme previously observed in growth-inhibited mouse cultures (Holt et al., 1996) and in human tumour cell lines induced to undergo terminal dierentiation (Sharma et al., 1995) . We also detected telomerase activity in a number of newborn and adult hamster tissues, a result consistent with data from the mouse (Prowse and Greider, 1995) but not with results for human somatic cells, where telomerase is strongly repressed . Taken together, these data indicate that hamster cells possess a cellular mechanism for limiting their proliferative capacity which is independent of telomerase repression and which can be controlled by experimental manipulation of serum growth factors.
Telomeres in Mus musculus are, on average, longer than those in humans and an indication of the length of hamster telomeric DNA was provided by a combination of FISH and PFGE analysis (Figures 4 and 5) . When measured by the latter technique, we showed that primary SHD cells have longer TRFs than adult human cells (typically 10 ± 15 kb; Hastie et al., 1990) , and probably have some fragments approaching those of inbred strains of mice. FISH experiments on cultured SHD (Figure  4 ), mouse and human cells (Figure 4) were consistent with this ®nding. It should be noted that TRFs in the mouse range from 40 ± 150 kb (Kipling and Cooke, 1990; Starling et al., 1990; Meijne et al., 1996) while FISH estimates suggest that the number of TTAGGG repeats contribute only between 10 ± 60 kb depending on the particular chromosome (Zijlmans et al., 1997). Given the signi®cant variability of terminal arrays of TTAGGG in mouse, and most probably hamster, it seems likely that telomerase activity per se does not determine actual telomere length.
Whilst accepting the limitations of TRF analysis, PFGE showed that there was no discernible shortening of telomere hybridizing fragments in the 8 ± 50 kb size range during the short lifespan of cultured SHD ®broblasts. Indeed, if a rate of telomere loss of 50 ± 100 bp per cell division is assumed, as observed in telomerase negative human cells , then detectable telomere erosion over the 20 ± 25 p.d. of normal cultured SHD cells would not be expected. The large number of telomere-hybridizing bands observed on autoradiographs between 8 and 30 kb may re¯ect the presence of TTAGGG repeats observed in the pericentromeric regions of a few SHD chromosomes (Figure 4) . FISH analysis by others (Slijepcevic and Bryant, 1995) of primary diploid Chinese hamster chromosomes revealed a much greater degree of pericentromeric TTAGGG hybridization (nine out of 22 chromosomes), as well as appreciable telomeric hybridization. Interestingly, the frequency of spontaneous immortalization in Chinese hamster is closer to mouse than to Syrian hamster cells (Kraemer et al., 1986; Newbold et al., 1993) . Together, FISH and PFGE analysis indicate that hamster ®broblasts have relatively long telomeres which are maintained over the short proliferative life-span of SHD cells in culture; such a conclusion is consistent with the high telomerase activity observed in these cells.
In comparison with normal SHD cells, telomerase activity remained unaltered following immortalization with chemicals or fast neutrons. The same strong telomerase activity was also detected in a cell line derived from a chemically-induced malignant Syrian hamster tumour. The consequences of permanently active telomerase for susceptibility to immortalization was investigated by transfection of near-senescent SHD cells with a mammalian-selectable plasmid expressing the immortalizing SV40 large-T-antigen. SHD ®broblasts were eciently rescued at the point of senescence by the large-T construct. Rapidly dividing transfectants were obtained, all of which were immortal without entering crisis and were telomerase positive (Figure 6 ). In marked contrast, human ®broblasts expressing T-Ag enter a protracted crisis before very rare clones of immortal, usually telomerase positive cells emerge . Direct immortalization of SHD cells by T-Ag suggests that bypassing key cell cycle control checkpoints through functional inactivation of p53 and pRB (Shay et al., 1991) is sucient to overcome any mechanism controlling replicative senescence in hamster cells. Senescence in SHD ®broblasts may be regulated by progressive accumulation of cyclindependent kinase (cdk) inhibitors such as p21 WAF1 , p16 INK4A that negatively regulate the p53/pRB cell cycle control pathway (Hall and Peters, 1996) . In rats, the accumulation of a newly identi®ed p21 WAF1 -related protein, p24, has been shown to correlate with the ®nite proliferation potential of ®broblasts in culture (Mazars and Jat, 1997). Consequently, a link between cdk inhibitor expression and replicative senescence has been demonstrated (Halevy et al., 1995; Hara et al., 1996; Mazars and Jat, 1997; Wynford-Thomas, 1997) . The p16
INK4A
gene is susceptible to epigenetic inactivation in human tumours by DNA methylation of a 5' C p G island (Hall and Peters, 1996) and Holliday (1996) has raised the possibility that cellular controls over the extent and distribution of C p G methylation may play an important role in preventing escape from senescence. The most potent inducer of SHD cell immortalization identi®ed to date is nickel chloride (Trott et al., 1995) and nickel compounds may act to repress transcription through an epigenetic mechanism involving DNA methylation (Costa, 1995) . Furthermore, we have found that exposure of hamster immortal cell lines, which had been induced by nickel chloride, to the potent C p G methylation inhibitor 5-azacytidine resulted in virtually complete senescence of cultures (DA Trott, unpublished results).
Somatic repression of telomerase in humans may serve to protect against tumorigenesis by imposing additional constraints on the replicative potential of cells, resulting in a dramatic increase in resistance to somatic cell immortalization. The SHD cell data presented here imply the existence of a novel, telomere-independent, mechanism of mammalian cellular senescence and, moreover, suggest that repression of telomerase cannot fully explain dierences in rates of immortalization between rodents and humans. Given the expression of telomerase in normal M. musculus and Syrian hamster cells, the dierence in spontaneous immortalization frequencies between the two rodent species are also unlikely to be related to telomerase or telomere dynamics. Hence, telomerase may be a passive bystander with little role in rodent immortalization and tumour growth in vivo; recent results from the mTR knockout mouse tend to reinforce this view. Although telomere shortening was observed, Blasco et al., (1997) showed that mTR 7/7 mice were viable over six generations. However, the latest data (M Blasco, pers. comm.) indicate that both males and females from the 6th generation are sterile, presumably due to critical telomere shortening in germ line cells. Cultured ®broblasts from 6th generation mTR 7/7 mice showed frequent chromosomal abnormalities, particularly end to end fusions, and aneuploidy in early passage (Blasco et al., 1997) . In normal human cells the appearance of these abnormalities invariably coincides with irreversible replicative senescence. Somewhat surprisingly, 6th generation mTR 7/7 mouse ®broblast still immortalized and formed tumours in nude mice after oncogenic transformation (Blasco et al., 1997) . It may be that mice lack a sensitive mechanism for detecting chromosome instability which triggers induction of senescence and cell death. However, the most important conclusion from the knockout studies was that oncogenic transformation or tumour formation were independent of telomerase expression. Given the immortalization potential of cells from mTR 7/7 mice, it would be interesting to know if any clones can be recovered which show maintenance or elongation of telomeres as a result of mechanism independent of telomerase. It has been shown previously that in vitro immortalized human telomerase-negative cell lines can acquire very long and heterogeneous telomeres (Murnane et al., 1994; Bryan et al., 1995; Rogan et al., 1995) through one or more novel mechanisms collectively known as ALT (Alternative Lengthening of Telomeres) . It is possible that rodent species maintain their long telomeres, at least in part, through ALT mechanisms. ALT pathways may well have a part to play in explaining the dierential susceptibility of rodent and human cells to immortalization.
In summary, our experimental observations of Syrian hamster dermal cells provide evidence for a novel mechanism of mammalian senescence unrelated to telomerase expression and maintenance of telomere length which can be manipulated by alterations to serum growth factor concentrations. Overall, our data provide an explanation for the greater sensitivity of rodent cells to immortalization and malignant transformation.
Materials and methods

Hamsters
Syrian hamsters were obtained from Wrights of Essex (Chelmsford) and a breeding colony established from mature adults. Unsexed newborn (51 day old) and 6-month-old adult animals were randomly selected for tissue and cell preparations.
Cell culture
Primary neonatal dermal ®broblast cultures were prepared as described by Newbold et al., (1982) . Brie¯y, skins were aseptically dissected from decapitated torsos and dermis oated down on pronase in phosphate-buered saline at 48C until dermis and epidermis could be separated with forceps. Dermal tissue was then minced, enzymatically digested with trypsin and collagenase and the resulting single cell suspensions seeded into Dulbecco's MEM supplemented with 15% FBS, penicillin and streptomycin. Incubation was at 378C in a 10% CO 2 incubator. Nearcon¯uent exponential cultures (designated Passage 1) were trypsinized and cryopreserved. The three immortal SHD cell lines were cultured as detailed in Trott et al., (1995) . The ®brosarcoma cell line, STB1, was derived from a benzo(a)pyrene-induced hamster ®brosarcoma, as described in Newbold et al., (1982) . Human diploid adult dermal ®broblasts (lBR.2) and SV40 large-T-antigen transfected derivatives were a gift from C Arlett (MRC, Brighton) and were cultured in DMEM with 15% FBS. The human uterine carcinoma cell line, C4I (Schwarz et al., 1985) was a gift from JA DiPaolo (NCI, Bethesda MA, USA) and was grown in DMEM with 10% FBS. Mouse skin explant cultures were established from complete skin dissected from 1 day old Balb/c mice. Primary cell cultures were maintained in DMEM plus 15% FBS and antibiotics. MRC-5 human diploid fetal lung ®broblasts were grown under identical conditions.
Preparation of cell and tissue extracts for telomerase assays
Detergent lysis extracts from cell and tissue samples were prepared essentially as described by . In short, cultured cells were harvested by scraping, resuspended in culture medium with 0.1 mM PMSF, counted and aliquots of 1610 5 cells pelleted then snapfrozen in liquid nitrogen. Lysis of cell pellets was performed on ice for 30 min in 200 ml of ice-cold CHAPS lysis buer (10 mM Tris-HCl pH 7.5, 1 mM MgCl 2 , 1 mM EGTA, 0.5% CHAPS, 10% glycerol, 5 mM Beta-mercaptoethanol and 0.1 mM PMSF). After centrifugation (14 000 g for 30 min at 48C), 160 ml was removed, divided into aliquots, snap-frozen and then stored at 7808C. Samples were assayed for protein concentration using a Coomassie protein assay kit (Pierce).
For telomerase analysis of SHD ®broblast colonies, detergent extracts were prepared by in situ lysis of individual ten-day-old colonies growing in 90 mm Petri dishes. Dishes were washed with PMSF-supplemented medium, aspirated and placed on ice. Plastic RNase-free cloning cylinders were placed over colonies and ®lled with 200 ml of the lysis buer. After 30 min lysates were removed and treated as given above. Some colonies were also isolated by trypsinization of cells (using cloning cylinders) followed by snap-freezing and lysis using the mass culture protocol noted above, but this gave less reproducible results (see Figure 1b) .
Extracts from adult Syrian hamster organs were prepared with tissue dissected from 6 month old animals. 100 mg samples were snap-frozen and homogenized under liquid nitrogen. Newborn skin was separated into dermis and epidermis as described above before snap-freezing and homogenization. Lysis of powdered tissue was performed in 200 ml lysis buer on ice for 30 min.
Telomere repeat ampli®cation protocol (TRAP)
Telomerase activity in detergent extracts was determined using the PCR-based, single-tube Telomere Repeat Ampli®cation Protocol (TRAP) essentially as described by Kim et al., (1994) and with minor modi®cations. For TRAP assays, extracts from 10 3 cells (mass cultures), 0.5 mg protein (SHD colonies) or 10 mg (tissue samples) were used per reaction. In all cases, extracts were pre-incubated for 30 min at room temperature with 100 ng of TS oligonucleotide which acted as a substrate for telomerase. Extension products were ampli®ed by PCR in a ®nal volume of 50 ml using TS as the forward primer and a reverse primer (CX) complementary to telomeric repeats; each PCR reaction contained 2 mCi of [alpha 32 P]CTP and [alpha 32 P]TTP. Ampli®cation was performed by 30 cycles of 948C/30 s, 508C/30 s, 728C/45 s followed by one of 948C/30 s, 508C/30 s, 728C/60 s. On completion, 25 ml from each reaction was resolved by nondenaturing polyacrylamide gel electrophoresis; detection was by conventional autoradiography. The assay speci®city for active telomerase was determined by inclusion of RNase-treated samples.
Chromosome¯uorescence in situ hybridization (FISH)
Metaphase chromosome spreads were prepared from diploid fetal human ®broblasts (MRC-5) at passage 25, diploid SHD ®broblasts at passage 3 and Balb/c mouse skin ®broblasts at passage 5. A digoxigenin labelled (TTAGGG) n telomere-speci®c probe (Oncor, Gaithersburg, MD) was used for chromosome FISH according to the manufacturer's instructions with minor modi®cations. Prior to probe denaturation, sonicated Herring sperm DNA (Promega) was added (1 mg/ml). Post-hybridization washes were carried out in 30% formamide/26SSC at 458C (15 min) followed by 26SSC at 378C (8 min). Probe hybridization was detected with¯uorescein isothiocyanate (FITC) labelled anti-digoxigenin against DAPI counterstained chromosomes. Image analysis was performed with a Leica DMRB epi¯uorescence microscope coupled to a SenSys semi-cooled CCD camera (Photometrics). Images were captured using Quips TM SmartCapture TM FISH imaging software (Vysis, Downers Grove, IL).
Analysis of telomere restriction fragment (TRF) length
DNA was isolated by proteinase K digestion and RNase treatment followed by phenol/chloroform extraction and ethanol precipitation. Restriction enzyme digests were performed according to the manufacturer's instructions (Amersham International). Conventional gel electrophoresis was performed by running DNA samples for 16 h at 50 V in 0.8% agarose gels (BRL Life Technologies) submerged in 16Tris/borate/EDTA (TBE) buer at room temperature. DNA fragments were transferred to Hybond N + membranes (Amersham International) with 0.4 M NaOH and hybridized overnight at 488C with a 32 Plabelled (TTAGGG) 4 synthetic oligonucleotide prepared as described in Starling et al., (1990) . Membranes were washed four times in 46SSC/0.1% SDS at 488C for 15 min and once in 26SSC/0.1% SDS at room temperature. Autoradiographs were exposed at 7708C overnight with intensifying screens (Kodak). Pulsed-®eld gel electrophoresis (PFGE) was performed with a BioRad CHEF mapper system using DNA samples prepared in agarose plugs (Annand et al., 1986; Silver et al., 1991) . Restriction enzyme digestions were as described in Silver et al., (1991) . PFGE samples were run in 1% agarose gels, 0.5% TBE, at 148C using running conditions for resolving 6 kb to 50 kb fragments set with the CHEF Mapper's auto-algorithm programme (BioRad).
DNA transfection of SHD cells
The plasmids pSV3neo and pSV2neo (Southern and Berg, 1982) were a gift from C Arlett (MRC, Brighton). pSV3neo contained sequences (T-Ag) coding for the SV40 Large-Tantigen; pSV2neo was the empty vector. Transfections were performed with Lipofectin (Gibco Life Technologies) according to the manufacturer's instructions. Brie¯y, SHD ®broblasts at passage 5 were replated at 2.5610 5 per 90 mm dish and incubated overnight. The next day 5 mg of plasmid (per culture) was mixed with 15 ml Lipofectin in 300 ml serum-free DMEM (SFM) and incubated for 15 min at room temperature. DNA/ lipofectin complex was then added to SFM-washed cell monolayers in 8 ml medium (10% FBS) and incubated for 16 h. Cultures were refed and incubated for a further 24 h before replating at 1610 6 /90 mm dish in medium (15% FBS) supplemented with 800 mg/ml G418 (Gibco). A mock transfected culture was used for a negative control. Colony growth in selection medium was monitored over 10 days.
Abbreviations SHD (Syrian hamster dermal), FBS (fetal bovine serum), TRF (telomere restriction fragment), FISH (¯uorescence in situ hybridization), T-Ag (gene encoding SV40 large-Tantigen), P (passage), p.d. (population doublings).
